ABSTRACT
Motor proteins are enzymes that accomplish mechanical work in a wide variety of biological processes. In this review we focus on bulk and single molecule methods to study how motor proteins function. We discuss in detail the analysis of the motor protein DnaB, a hexameric helicase that unwinds DNA at a replication fork in Gram-negative bacteria. Bulk and single-molecule studies have complemented one another to arrive at a comprehensive mechanistic view of how DnaB unwinds double-stranded DNA.
INTRODUCTION
Motor proteins are enzymes that catalyze the conversion of chemical energy into mechanical work. They are among the most specialized and complex types of biomolecules that have evolved, as can be judged by our inability to build purely synthetic motor-protein analogs. Motor protein activity underlies a huge range of biological processes, including the workings of large-scale musculature; the growth, division, and movement of cells; and the replication, transcription, and translation of the genetic code.
Experimental study of these fascinating molecules has historically been somewhat hampered by their relative lack of an enzymatic product. Unlike an enzyme whose primary product is a long-lived (and therefore easily assayed) covalent modification, the primary product of a motor protein is a transient mechanical effect, such as a pulse of force or a nanometerscale displacement. Of course, many motor proteins are powered by nucleotide hydrolysis, which is indeed a longlived covalent modification that can be quantified relatively simply. However, such a measurement does not give any information on the mechanical output of the motor.
A more modern approach is to directly sense the forces generated by a motor, and/or the distances it transverses. Since such spatial and dynamic effects are transient (typically lasting of order milliseconds to seconds), their measurement requires an approach with high temporal resolution. Also, since motor proteins are only a few nanometers in size, the spatial and dynamic effects themselves are quite small-typical values are, respectively, a few tens of nanometers, and a few piconewtons. Thus, the measurement approach requires very high spatial/dynamic sensitivity. Further, the stochastic nature of motor proteins precludes synchronization of their activity, so it is not possible to amplify the spatial/ dynamic output by measuring many motors simultaneously. Finally, all of this must be done in solution, at room temperature, meaning that thermal fluctuations and Brownian motion are highly-significant barriers to acquiring high-resolution data. These requirements constrain the measurement approach to sensing one motor at a time. Generally, the study of singlemolecules using applied force is termed single-molecule manipulation (SMM).
In this review, we generally discuss methods that can be used to study motor proteins using single-molecule manipulation (SMM) methods. Then, in order to compare and contrast the various motor-protein assays available, we review the assays used to study DnaB, a hexameric replicative helicase that has been subject to nearly all tracking methods available.
REVIEW OF SINGLE-MOLECULE MANIPULATION APPROACHES TO MOTOR PROTEINS

SMM Instrumentation
Single-molecule motor protein measurements can be accomplished by optical techniques, such as direct microscopic tracking of a fluorescent molecule attached to the motor, or by measuring the emission of multiple dyes that have a distance-dependent interaction. Here, we focus on an alternate approach: application of force, and real-time measurement of extension, of single biomolecules. Applying an external stress has enormous benefits in resolution: nearly all systems stiffen under an external load, so that the spring constant governing the system increases. The thermally-actuated fluctuations of a spring decrease as the spring constant increases-thus, application of an external force reduces the noise in single-molecule measurements, permitting sensing of minute changes in motor position. Further, force-application itself is done by attaching the biomolecule of interest to a micron-scale probe; since such a probe is large enough to efficiently scatter light, the measurement apparatus has no need to integrate a small optical signal for long periods of time, and the probe position can be tracked with high temporal resolution.
As a specific example, we consider a particular single-molecule apparatus, the magnetic tweezers. The magnetic tweezers (MT) is an instrument that utilizes an external magnetic field to stretch a DNA molecule that tethers a magnetic colloid to a glass surface (Figure 1 ). Biomolecular extension is measured, typically at rates of 60-200 Hz, by estimating the bead's position from its image, as captured by an inverted-light microscope (1, 2) . In a typical setup, the magnetic field is generated by rareearth magnets located above the sample, and force is controlled by varying the magnet/sample separation distance using computer-controlled motors. The force is not predicted from the field geometry, but rather calibrated by modeling the measured lateral motions of each tethered bead as a Brownian-actuated harmonic oscillator (3). Most simply, this can be done by computing the variance of bead position fluctuations in the direction of applied field, , and applying the equipartition theorem of statistical mechanics, which estimates the force to be , where is the bead height (tether length), and is the thermal energy. The equipartition approach is best used in the low-force limit, where the thermal bead fluctuations are large and thus easily measured; at higher forces, where parasitic noise can become comparable to the thermal fluctuations, a better estimate is found from comparing the power-spectrum of lateral fluctuations to those predicted from analysis of the Langevin equation (4, 5) . For highest accuracy, this analysis must account for experimental limitations such as aliasing derived from the finite dataacquisition rate, unintentional low-pass filtering of the bead trajectory by the finite shutter time of the camera, and variations in the drag coefficient acting on the bead due to the proximity of the surface (1, 2, 6, 7, 8) .
Compared to other single-molecule manipulation approaches (and particularly the optical trap), the MT is a simple yet versatile instrument. Force application and length measurement are achieved on a scale relevant to a single motor protein without the need for an extensive laser-based optical system. Further, the relatively uniform magnetic field creates a constant tension on the tethered DNA, which simplifies thermodynamic analysis of the resulting data, as the relevant potential is the Gibbs free energy, much like three-dimensional constant-pressure systems (9, 10, 11, 12) . Historically, magnetic tweezers have had several drawbacks in comparison to optical traps, notably in their relatively low data-acquisition rate and limited resolution. However, recent technical advances have seen improvements in these areas, including kHz detection speeds (13) , multiplexing (i.e. the ability to perform multiple experiments simultaneously) (1, 14) ; high spatial resolution tracking techniques (15) ; and methods to directly apply and sense torque (16, 17) , which will enable the study DNA/protein interactions that have a rotational component, as with topoisomerases (18) and certain translocating motor proteins (19, 20) .
Tether design for SMM
Each SMM measurement must be designed specifically for the motor protein to be studied. The geometry of the biomolecular complex that tethers and immobilizes the micron-scale probe must be designed such that the activity of the motor protein results in a measurable change in the tethered biomolecule.
DNA-based motor proteins are ideal candidates for study using SMM methods. Double-stranded DNA (dsDNA) is an optimal substrate biomolecule for multiple reasons: it is straightforward to synthesize large quantities of dsDNA through PCR or plasmid preps; immobilization labels can be added relatively easily using a variety of enzymatic methods (including, with PCR, the use of labeled primers); and dsDNA's non-reactive and hydrophilic nature causes few problems of non-specific adhesion. Using a simple dsDNA tether can be somewhat limiting, as it only works in the case that the activity of the motor of interest directly affects dsDNA extension. However, the ease of application has led to a relatively large number of studies that use dsDNA tethers to measure, for example, motors that spontaneously create loops of DNA that directly affect the measured probe height ( Fig  1A) (20, 21, 22) , and others that induce measurable rotation of the attached bead (23) .
A powerful approach for motor proteins that modulate DNA twist is the plectoneme assay, in which, prior to introducing the motor, the dsDNA is twisted past the buckling point to form plectonemic loops. Twisting dsDNA requires that it be multiply labeled on both the 5' and 3' termini, since a single label permits free rotation, and thus would immediately relieve any torsional stress in the molecule. Creating multiple labels is a bit more difficult, as it implies adding labels internally to the DNA, rather than simply at the 5' or 3' termini (24) . However, once such a tether is formed and twisted, any motor activity that changes the DNA twist will then create or destroy the plectonemic loops, affecting bead height ( Figure 1B ). This is a powerful approach because (i) the large size of a single plectonemic loop (~50-75 nm) (3, 25) means that small twist changes (even less than a single turn) can be sensed, and (ii) dsDNA's helical nature causes many protein/DNA interactions to change the DNA twist. Plectoneme assays were originally designed to sense topoisomerase activity (18) , and have been widely used in that regard (26, 27, 28, 29, 30) . But, due to their sensitivity, these assays have also been used to sense more delicate interactions, such as the twist induced by a motor protein as it moves linearly along a DNA molecule (19) , and the twist induced by local melting of the DNA upon binding of RNA polymerase (31) .
A downside to plectoneme assays is that they are limited to relatively small applied forces, as larger forces pull the loops out, causing the DNA to undergo a variety of phase transitions (3, 32) and precluding measurements of motors. Since higher forces lead to higher-resolution measurements, this means that plectoneme assays are intrinsically of limited resolution, meaning that events of limited duration and/or distance cannot be measured. If it is necessary to perform highresolution measurements of the linear translocation of a motor protein, then the optimal approach is to directly immobilize the motor itself. This geometry is sketched in Figure 1C ; the idea is to immobilize the motor on one surface, the DNA substrate on the other, and to connect the two through the motor's intrinsic DNA binding activity. This is a difficult approach from a biochemical point of view, as it requires labeling and immobilizing the protein in such a way that its activity is not affected. However, it has been successfully carried out on a variety of proteins, including the phage φ29 DNA packaging motor (33) , RNA polymerase (34) , and the helicase RecBCD (35) . In this assay, the limit on resolution ultimately derives from the motor itself: large enough forces tend to stop ('stall') motors. This means a higher-resolution measurement can be made on a stronger motor than a weaker one; so, for example, individual sub-nanometer steps have only been measured for strong motors such as RNA polymerase and the phage packaging motor.
A final strategy is to design DNA molecules with complex secondary structure aimed at a particular class of motors. So, for example, motors involved in processing Holliday junctions can be measured by assembling DNA strands into a cruciform structure that is used to tether the probe (36, 37) . The most common application of secondary-structure design is in the study of helicases (Figs. 1D,E), likely the largest class of DNA-based motor proteins. Helicases are motors that catalyze the separation of dsDNA into two component single-strands (ssDNAs). In general, this is not a permanent change, as the ssDNAs can reform interstrand basepairs after the helicase has passed. Special considerations are thus needed when studying isolated helicases in bulk, as discussed in Section 3. However, in the SMM experiments, mechanical force can be used to keep the ssDNAs apart from each other. Further, the conversion of dsDNA to ssDNA offers a variety of strategies to measure helicase activity. We discuss this at length below in our discussion of the helicase DnaB.
COMPARING AND CONTRASTING BULK AND SMM MEASUREMENTS OF THE HELICASE DNAB
Bulk characterization of DnaB 4.1.1. Purification and Initial Characterization of E. coli DnaB
E. coli DnaB was originally over-expressed, purified, and characterized in bulk solution (38) . SDS/PAGE revealed that the protein is ~ 48 kDa, gel filtration and sedimentation experiments revealed that this protein forms a hexamer in solution, and this was consistent with protein crosslinking experiments with dimethyl suberimadate (38) . Analytical centrifugation of purified E. coli DnaB was later accomplished, confirming that DnaB formed a hexamer in solution in a manner dependent on magnesium (39) .
DnaB exhibits ssDNA-dependent ATPase activity that requires magnesium (40) .
DnaB was later crystallized in solution, yielding high purity protein (41) . With highly purified DnaB, nitrocellulose filter binding was used to show that DnaB binds to single or double-stranded DNA (42). Equilibrium gel filtration was then used to show that DnaB binds one ATP molecule per protomer (43) . Gel filtration was also used to show that DnaB requires ATP or ATP-S to bind stably to ssDNA (43) . It was also established using DnaB, E. coli primase, and ssDNA that DnaB can stimulate the ability of primase to synthesize RNA primers using ssDNA as a template (44, 45).
It is established that DnaB is a helicase using purified protein and radiolabeled DNA
A major breakthrough in the understanding of DnaB mechanism came it was discovered that DnaB is a DNA helicase (46) . A radiolabeled oligonucleotide was annealed to M13 ssDNA and incubated with DnaB and ATP, and the results were analyzed by native agarose gel electrophoresis (46) . The results show that DnaB unwinds DNA (46) . To confirm that the unwinding was due to DnaB, it was shown that the unwinding activity (1) requires a hydrolyzable ribonucleoside triphosphate, (2) is inhibited by antibody against DnaB, and (3) is inhibited by prior coating of the ssDNA with single-stranded binding protein (46) . It was also shown that DnaB requires the presence of both 5' and 3' single-strand extensions attached to the end of the duplex (46).
Domain function of DnaB is elucidated
The role of different domains of DnaB on mechanism was then dissected (47) . It was found that the C-terminal domain can form hexamers, while the Nterminal domain formed dimers (47) . A region of DnaB was identified that hydrolyzes ATP (47). This work was followed by data demonstrating that the C-terminal domain binds DNA (48) . Site-directed mutagenesis was also performed to identify residues of DnaB involved in multimerization, DNA binding, and ATPase activity (48).
Fluorescent studies demonstrate that DnaB binds to 20 nucleotides of ssDNA
A fluorescent analog of DNA was used to measure the DnaB site size on ssDNA (49) . It was found that DnaB binds polymer ssDNA with a site size of 20 nucleotides per protein hexamer (49) . Photo-crosslinking was also used to show that the DNA only contacts one of the DnaB protomers (49) . The possibility that ssDNA wraps around the DnaB hexamer was excluded in these studies (49) . Fluorescence was also used to determine that DnaB binds tightly to ssDNA in the presence of ATP-S (50) . The kinetics of ssDNA binding by DnaB was also investigated using stop-flow kinetics (51) . It was found that a 10-mer bound to a strong ssDNA binding subsite of DnaB, and the kinetics also revelead at least three enzymatic steps for ssDNA binding by DnaB (51) .
Several years later, the binding of DnaB to a physiologically-relevant DNA forked structure was examined (52) . The techniques of fluorescence titration, fluorescence energy-transfer, and analytical ultracentrifugation were used to show that dsDNA does not contribute to the affinity of DnaB for the forked-structure, suggesting that interaction of DnaB with forked-DNA is mediated through ssDNA interactions (52) . Furthermore, the data showed that one hexamer of DnaB interacts with the 5'-single-strand extension, and a second hexamer of DnaB interacts with the 3'-single-strand extension (52) . The two hexamers are bound in opposite orientations with respect to the dsDNA (52) . The helicase domain is adjacent to the duplex on the relevant 5'-single-strand extension (52).
Rapid quench flow technique reveals mechanism of ATP hydrolysis
The mechanism of ATP binding and hydrolysis catalyzed by DnaB was examined in several studies (53, 54, 55) .
ATP binding was explored using fluorescent analogs of ATP, and the data showed a minimum of four steps for ATP binding (53) . When ATP hydrolysis was examined, it was found that all six subunits of DnaB are active in hydrolyzing ATP (54) . Recently, the rapid quench-flow technique was used to explore the effect of ssDNA on NTP hydrolysis (55) . The kinetics of NTP hydrolysis were affected by the type of nucleotide cofactor and the base composition of DNA (55) . The effect of DNA on the NTP hydrolysis rate derives from the strong ssDNA binding site on DnaB, and the function of the weak ssDNA binding site is to modulate the effect of the strong ssDNA binding site (55).
Electron microscopy shows that single-stranded DNA passes through the central channel of T7 gp4
A breakthrough in the mechanism of hexameric helicase activity came with studies of the DnaB-related protein, T7 gp4. Using electron microscopy, it was shown that T7 gp4 forms a hexamer that encircles ssDNA (56, 57)_ENREF_10. The authors synthesized this information with previous data showing that T7 gp4 requires a forkedshaped duplex for unwinding (58) . There was also an important paper that showed that T7 gp4 unwinding was inhibited when a DNA adduct was attached to the strand bearing the 5' single-strand extension, but not the complementary strand (59) . Based on these sets of data, the authors proposed that one DNA strand passes through the central channel of T7 gp4, while the other DNA strand passes outside the ring (56, 57)_ENREF_11_ENREF_11.
Fluorescent energy transfer show that singlestranded DNA passes through the central channel of DnaB
To address whether DnaB encircles singlestranded DNA in solution, fluorescence energy transfer was employed (60) . A fluorescent donor was placed on DnaB, and a fluorescent acceptor was placed on various positions of the DNA (60). Using fluorescence information from multiple donor-acceptors, the group concluded that ssDNA passes through the central channel of DnaB (60) . This work is the first to demonstrate that DnaB encircles singlestranded DNA, and it is also the first to show that a hexameric helicase encircles ssDNA in solution (60).
Fluorescence studies reveal kinetics of DnaBcatalyzed unwinding
Kinetics of DnaB unwinding double-stranded DNA were analyzed by the quench flow technique (61) . These studies revealed a number of interesting properties of the DnaB-catalyzed unwinding mechanism, including that the number of base pairs unwound in a single catalytic step is 1.4 (61) . Furthermore, the catalytic speed was measured at 291 bp/sec (61) . The rapid quench flow technique was used to show that the 3'-single-strand extension controls the unwinding rate and processivity of the helicase (62) . These data led to the conclusion that the helicase transiently interacts with the strand bearing the 3'-singlestrand extension during unwinding (62) . It was also shown that the GC-content of the dsDNA has a large effect on the unwinding activity of the enzyme (62).
Electron microscopy studies of DnaB reveal its shape
Using electron microscopy images of negatively stained DnaB, a three-dimensional reconstruction of the protein hexamer at 27 angstroms resolution was produced (63) . A central channel was clearly visible, and the DnaB exhibited three-fold symmetry. Three-dimensional cryo electron microscopy was performed several years later (64) . The hexamer displayed two faces, one with three-fold symmetry and one with six-fold symmetry (64, 65)_ENREF_31. Several years later, a follow-up electron microscopy study demonstrated that the N-terminal domain makes two different contacts with neighboring subunits, while the helicase domain exists in two alternate conformations (66).
4.1.10.Crystal structures of T7 gp4 and DnaB reveal information about helicase mechanism
The first crystal structure of T7 gp4 helicase domain revealed a helical filament that resembles RecA (67) . Furthermore, a conserved arginine residue contacts the gamma phosphate of the nucleotide in trans (67) . This arginine is important for hydrolysis of ATP, and it has been referred to as the "arginine finger". The following year, a structure of the T7 gp4 helicase domain formed the physiologically relevant ring-shape (68). The structure was not six-fold symmetric, and four of the six protomers showed binding to AMP-PNP (68) . Furthermore, the domain that crystallized was shown to be active as a helicase in solution. These data suggested a "bindingchange mechanism" for the sequential hydrolysis of ATP by gp4 in solution (68) . Several years later, a crystal structure of the helicase-primase protein T7 gp4 crystallized as a heptamer, and the structure was determined at 3.45 angstroms resolution (69) . The heptamer formed showed a great degree of flexibility between the helicase and primase domains, suggesting how DNA unwinding is coupled to primer synthesis (69).
Crystal and NMR structures of the N-terminal region of DnaB revealed that the domain was highly helical and globular (70, 71)_ENREF_36. The first crystal structure of full-length DnaB was from Thermus aquaticus, and it crystallized as a monomer (72) . The C-terminal domain exhibited a classic RecA fold, while the N-terminus contained a helical hairpin (72) . The authors compared the structure to that of the papilloma virus E1 protein, and concluded that the two helicases unwind DNA by different mechanisms (72) . Later that year, the hexameric structure of DnaB from Bacillus stearothermophilus was determined (73) . The structure showed that the N-terminal domains pack into a triangular collar seated on top of a packed ring of Cterminal domains (73) (Figure 2) . The six N-terminal domains form a trimer of head-to-head dimers (73) (Figure 2 ). The diameter of the central channel of the N-terminal domain is ~ 50 angstroms, while the diameters of the central channel of the C-terminal domains varies from ~25 angstroms to ~50 angstroms (73) (Figure 2) . Thus, the diameter of the central channel is very dynamic and capable of accommodating double-stranded DNA (73) . The crystal structure of the DnaB-related protein G40P was also determined (74) . The structure revealed that the N-terminal domain is three-fold symmetric, while the C-terminal domain is six-fold symmetric (74).
My (Kaplan) studies of DnaB
Purification methods for E. coli and T. aquaticus DnaB are described in detail elsewhere (75, 76) . One advantage to studying T. aquaticus DnaB is that the protein is heat-stable, and an initial heating step denatures many of the E. coli protein contaminants (77) . The design of duplex DNA to monitor DNA unwinding catalyzed by DnaB is important. Many of the details have been described elsewhere (75) . An important consideration is the annealing time of the DNA oligonucleotides used to form the duplex DNA substrate. If the strand-annealing rate is faster than the DnaB-catalyzed unwinding rate, no unwinding will be observed. To circumvent this potential problem, we (Kaplan and Steitz) use DNA oligonucleotides that have a slow annealing rate, with a half-time of annealing of approximately 1 to 2 hours. The sequence of the DNA duplex used to study Thermus aquaticus DnaB unwinding is published (77).
Most DNA helicases will not unwind blunt duplex DNA. A single-strand extension is generally required for unwinding, and the polarity of the singlestrand extension generally defines the polarity of the helicase. For example, if the helicase requires a singlestrand extension with a 3'-end to unwind the DNA, the helicase unwinds DNA with 3' to 5' polarity. Steitz and I initially observed that T. aquaticus DnaB requires 10 nucleotides of a 5' extension, and 30 nucleotides of a 3' single-strand extension for maximal DNA unwinding. Thus, the polarity could not be defined by the requirement for single-strand extensions. We then reversed the polarity of the 5' and 3' single-strand extensions and found that T. aquaticus DnaB can unwind DNA with two 5' extensions, but DnaB cannot unwind DNA with two 3' extensions (78) . These data led us to conclude that T. aquaticus DnaB unwinds DNA with 5' to 3' polarity.
I next investigated why DnaB requires a 3' single-strand extension for maximal DNA unwinding. Chemical modifications to the 3'-single-strand extension had little effect on the unwinding rates observed (78) .
However, I found that with no 3'-single-strand extension, DnaB does not fail to move. In fact, DnaB encircles both strands when it encounters a duplex with no 3'-singlestrand extension (78) . DnaB continues to translocate along this duplex, and DnaB can unwind a DNA duplex that is positioned downstream (78) (Figure 3 ). These data suggest that the 3'-single-strand extension is a steric factor that determines whether one or two strand pass through the central channel of DnaB (78) . I also concluded that DnaB unwinds DNA by a steric exclusion mechanism (78) . The idea that DnaB can encircle two DNA strands was supported seven years later, when a crystal structure of hexameric DnaB from the Steitz lab reported a central channel of 50 angstroms (73).
Working with Mike O'Donnell, I next examined an important question. When DnaB is translocating along double-stranded DNA, does the helicase use the energy from NTP hydrolysis to unidirectionally move along the DNA, or slide along DNA in both directions without hydrolyzing NTP?
To answer this question, we investigated whether E. coli DnaB can drive branch migration of Holliday junctions. In fact, we found that DnaB was very efficient in driving branch migration of Holliday junctions bearing a 5'-single-strand extension (79) (Figure 4) . Furthermore, DnaB can dislodge proteins while translocating along dsDNA (79) . Branch migration and protein displacement activities each required ATP, suggesting that DnaB can actively translocate along dsDNA (79) . We also found that T7 gp4 can drive branch migration of Holliday junctions, suggesting that helicases related to DnaB can also actively translocate along dsDNA (79) . We also examined whether DnaB can unwind DNA if a Holliday junction bears a forked DNA structure. We found that DnaB was quite efficient in unwinding a Holliday junction if it bears a forked-DNA structure (79) ( Figure 5 ). We found concentration dependent activation of DNA branch migration.
Branch migration and unwinding activity was observed at DnaB concentrations as low as 6 nM (unpublished). As DnaB concentration was progressively increased from 6 nM to 19 nM, 60 nM, 180 nM, and 590 nM , there was a progressively higher fraction of product DNA (unpublished). Concentrations of DnaB above 590 nM were less efficient in driving branch migration (unpublished).
A similar concentration dependence was observed for unwinding (unpublished). It may be that 6 nM is required to observe branch migration or unwinding because this is the concentration required to form hexameric DnaB (39) . It is important to emphasize that both branch migration and unwinding are observed at low (6 nM) concentrations of DnaB, suggesting that the hexameric form of DnaB catalyzes DNA branch migration and unwinding.
We found that DnaB drives branch migration by encircling two DNA strands, and DnaB translocates along the DNA inside to drive unidirectional branch migration (79) . We used biotin/streptavidin blocks to determine which DNA strands are passing through the central channel of DnaB (79) . For unwinding, biotin/streptavidin only blocks activity when it is placed on one of the strands (79) . In contrast, for branch migration, biotin/streptavidin blocks activity when it is placed on either of the two strands (79) . We also reversed the polarity of the strands to examine the polarity of strand translocation (79) . We found that during branch migration and unwinding, activity is blocked by reversing the polarity of the strand that bears the 5'-singlestrand extension, but not any of the other strands (79). These data suggest that for either DNA unwinding or branch migration, DnaB functions by translocating along the strand bearing the 5'-single strand extension in the 5' to 3' direction (79) .
We continued these studies with longer, heterologous Holliday junctions, and found that DnaB can drive branch migration of a long, heterologous Holliday junction if 5' single-strand extensions are placed on opposite sides of the junction (80) . We also found that DnaB can encircle three strands if the protein encounters a third-strand during translocation (80) .
Finally, we concluded in this study that the DNA binding site is buried inside the central channel of DnaB (80) . All of these conclusions were derived from observing DnaB activity on various assemblies of DNA strands (80).
DnaB functions with other proteins
This review has focused on the study of DnaB alone, functioning as a motor protein. In the cell, DnaB works in concert with Pol III, the replicative polymerase, and the tau subunit of Pol III acts as a connecting link between the replicative helicase and the replicative polymerase (81) .
Elegant experiments have been accomplished with DnaB acting in coordination with the Pol III (82, 83, 84) . DnaB is also important for primase recruitment and action, and a direct interaction has been observed between DnaB and DnaG (primase) using pulldown methods and gel filtration (73, 85) . The interaction between DnaG and DnaB has been reported to influence replication fork timing (86) , and more recently interaction between DnaG and DnaB has been analyzed in detail (87) . DnaB is loaded onto ssDNA with the assistance of DnaA and DnaC, and numerous groups have worked to reveal the mechanism of this loading process (88, 89, 90, 91, 92, 93, 94) . It has also been demonstrated that DnaG directs the release of DnaB from DnaC (89) . Furthermore, it has been shown that DnaC modulates the activity of DnaB at Holliday junctions (95) . There is also an elegant mechanism for reloading DnaB onto DNA in the case of DNA damage (96, 97) . Furthermore, DnaB binds directly to rep, a second helicase at a replication fork (98, 99) . Finally, the termination of DNA replication involves DnaB (100, 101, 102, 103) . Future work will reveal how DnaB motor function is influenced by cellular partners. A recent study, for example, reveals that a repair polymerase can slow the speed of DnaB (104).
Single-molecule characterization of DnaB
To contrast with the bulk approaches just described, we now discuss our recent single-molecule work on DnaB (105) . As mentioned previously, the unique abilities of helicases to modulate DNA secondary structure permits a different class of SMM experiment in which the tether is specifically designed to exploit the DNA denaturation activity of a helicase. For replicative helicases, the logical tether design is a simulacrum of the replication fork, with a duplex region terminating in two ssDNA strands (the 5' and 3' tails). Thus, the tether effectively has three extremities. An SMM measurement requires application of a force, which is (in static equilibrium) an intrinsically dipolar quantity, with two equal and opposite forces applied to different ends of the substrate. Thus, for SMM experiments on a forked substrate, there are three different possible geometries corresponding to the different ways to choose two mechanical attachment points from the three fork extremities. These three geometries are:
1) The hairpin geometry: force on the 5' and 3' tails. This geometry is widely studied (105, 106, 107, 108, 109, 110, 111) , as it permits direct amplification of motor activity: each basepair opened in the duplex adds two bases to the extension of the tether (one to each tail). So, while the hairpin geometry is intrinsically limited to small forces (since forces greater than 15 pN mechanically denature the DNA), the amplification has permitted hairpin-based experiments to measure step sizes of helicases (111).
2 and 3) The 5' and 3' fork geometries: force on the duplex and either the 5' or 3' tail. This geometry relies on the differing extensions of dsDNA and ssDNA to measure helicase activity, rather than a change in the number of bases in the tether (as in the hairpin). Measuring helicase activity thus requires quantification of the forceextension relation of dsDNA and ssDNA, which can be done by single-molecule force-extension measurements (112, 113, 114) . This type of differential-extension measurement was first used to measure polymerase activity, in which dsDNA is created from an existing ssDNA strand (115, 116) , and was later applied to helicases (117) . The assay is limited to relatively high forces, which create sufficient differential extension, as well as a kinetic barrier to strand reannealing. Further, the resolution of this assay is relatively low, as each base unwound increases the tether length by only a fraction of a nanometer (i.e. the difference between the high-force extensions of a dsDNA basepair, ~ 0.34 nm, and an ssDNA base, ~0.5nm). One notable exception to this is a low-force study (< 5 pN) which uses differential elasticity in the low-force regime to relate a decrease in extension to helicase activity. In this case, strand reannealing is prevented by flow (118) .
In any SMM measurement of a motor protein, an important consideration is the effect of force on motor kinetics. Indeed, a large literature exists that discusses the effects of an external mechanical load on the translocation of a motor (119) . In the case of helicases, the issue is more subtle and perhaps more interesting. In particular, the two issues that arise are i) the interplay between the DNA destabilization activity of the helicase and that of the applied force, and ii) the effects of force in modulating DNA/helicase interactions. Together, these two issues determine how the rate of helicase unwinding is affected by the external force.
A simple way to conceptualize the multiple roles of force in affecting helicase activity is shown in the sketch of DnaB on a fork, Figure 6 . Each of the three extremities of the fork (the duplex, 5', and 3' tails) can affect DnaB activity, and force can modulate each of the three possible interactions described above. However, since force is a dipole, it will always be applied to (and possibly modulate) at least two of the interactions, leading to some indeterminacy in interpreting the results-upon measuring an effect of force on helicase geometry, it is unclear which, or both, of the two interactions were affected by force. Getting around this requires performing measurements in all three possible geometries, and performing pairwise comparisons of the results in order to isolate the different effects. The end result is a holistic, integrated view of the suite of interactions between the helicase and a DNA fork. These interactions can affect all aspects of helicase activity; for DnaB this specifically manifests in variation of both its unwinding velocity and tendency to pause. Here, for simplicity, we focus on the helicase's speed, and refer the reader to the original research paper (105) for the analysis of pausing, which is entirely consistent with the speed analysis.
First consider the activity of DnaB in the hairpin geometry. The helicase causes constant-velocity increases in bead height; using a model for ssDNA elasticity, this velocity can be translated into the unwinding velocity of the motor. This unwinding velocity varies strongly with the applied force, which can be attributed to the destabilizing effect of force on the DNA basepairs: at higher forces, the basepairs fluctuate open more frequently, allowing the helicase to open them more quickly. This type of behavior (where helicase velocity is highly dependent on basepair stability) is known as 'passive' helicase activity, after the suggestion of Lohman (120) , and the more recent classification scheme of Manosas et al. (121) ; it can be contrasted with 'active' behavior of certain helicases in which the velocity is the same, regardless of basepair stability. Following the model of Betterton and Julicher (122, 123) , it is possible to quantitatively model the passive nature of DnaB; the result is that DnaB's unwinding is close in behavior to a passive helicase, similar to other hexameric helicases that have been studied (106, 124) .
Multiple SMM studies of helicases have used hairpin measurements to establish the active or passive nature of the helicase. However, our discussion above should make clear that the philosophy underlying this approach is flawed: it intrinsically assumes the only effect of force is in modulating dsDNA stability, with no effect on helicase/DNA interactions. We have experimentally demonstrated that such effects are important by comparing DnaB unwinding rates on the hairpin substrate with those on the 3' fork substrate (recall that the 3' fork involves applying force to the duplex and 3' tail, and not to the 5' tail onto which the helicase loads; see Figure 7 ). In the fork geometry, the duplex is loaded and thus destabilized; thus, the helicase velocity again increases with force. A complication is that the free energy of duplex destabilization is different when the same force is in the fork and hairpin geometries, so it is not appropriate to compare unwinding velocity in the two assays at equivalent forces. Instead, the appropriate comparison is to compare velocities between geometries at equal free energy of destabilization (10) (which is the key parameter in active/passive theories). Doing this essentially factors out the duplex destabilization, bringing into focus other differences between the geometries. And, indeed, they are different: DnaB is consistently faster in the 3' fork geometry than the hairpin geometry.
The origin of the velocity difference between hairpin and 3' fork substrate could be due to several factors. There are two immediate and obvious differences: first, in the hairpin the DnaB-bound strand is under tension, while it isn't in the 3' fork (so there could be a difference in how DnaB interacts with the bound strand); second, in the hairpin the two ssDNA tails are peeled apart, which is not the case in the 3' fork (so there could be a difference in how DnaB interacts with the occluded strand). However, a single point of comparison is not sufficient to differentiate the effects. Thus, a set of data in another geometry is needed; this is exactly what the 5' fork geometry gives. Experiments in the 5' fork geometry share aspects of each of the others: the DnaB-bound strand is under tension (like the hairpin, but not the 3' fork), while the ssDNA tails are not peeled apart (like the 3' fork, but not the hairpin).
Unwinding measurements in the 5' fork geometry show that DnaB's unwinding activity matches the 3' fork velocity at low forces (~20 pN), but is significantly slower at higher forces (> 30 pN). This resolves the indeterminacy: that the rate in the two fork assays matches at 20 pN indicates that tension on the bound strand does not affect activity for forces below 20 pN; thus, the hairpin/3' fork difference cannot be attributed to the bound-strand tension, and instead must be attributed to the peeling effect. Indeed, bulk results (discussed above) have suggested that DnaB has an activating interaction with the occluded strand (125) , which is consistent with the conclusion that mechanically peeling the occluded strand away from DnaB slows the helicase. However, the high-force 3'/5' difference can indeed by attributed to the effect of force on the bound state; indeed, quantitative models of the effect of force on DnaB translocation can correctly predict the ratio of velocities, assuming a reasonable step size of 1 basepair.
We summarize this section by discussing the SMM measurements of DnaB in the context of the recent active/passive framework proposed by Manosas et al. (121) . In that work, the authors argued that the active/passive classification cannot and should not be applied completely within the confines of a quantitative model, as the system complexity precludes a one-to-one relationship between the relatively few measured parameters and the large number of unmeasured, but possibly important, system parameters. Most models (notably, that of Betterton and Julicher (122, 123) ) predict the unwinding rate as a function of an 'active' parameter, describing the propensity of the helicase to destabilize DNA, along with the intrinsic DNA stability (itself a function of DNA sequence and applied force). Manosas et al. argue that, unless certain variables are known (e.g. the Figure 7 . Typical single-molecule measurements of helicase activity in (A) the hairpin geometry, and (B) the 3' fork geometry. In both cases, unwinding increases the measured bead height. The differing geometries affect the unwinding rate and pausing tendency. Event recoveries also differ, as DnaB translocates around the hairpin, permitting continuous rezipping, whereas DnaB unbinds from the fork, and the DNA stochastically reanneals.
helicase's backwards stepping rate, or its step size), different sets of parameters can yield nearly identical quantitative predictions of unwinding activity. Our work on DnaB serves to illustrate and reinforce the point of Manosas-we have shown that the geometry of applied force is yet another variable that can affect unwinding rate, and that is typically not directly controlled for in most experiments. Finally, while this discussion centers specifically on the activity of helicases, we note that the effects of force in many motor protein measurements might be similarly nuanced.
SUMMARY AND PERSPECTIVE
We have discussed general issues of motor protein measurement, and illustrated that discussion with specific remarks on bulk and single-molecule measurements of DnaB. What we hope is clear from the DnaB discussion is the progressive nature of our understanding of DnaB's structure and mechanism: starting from basic biochemical measurements (such as measurements of the size of the DnaB complex), progressing to more subtle and directed assays that investigated DnaB's quaternary structure, its orientation within a DNA fork, and its direction of translocation. Given those results of bulk biochemistry, it became possible to design and interpret single-molecule assays that answered fundamental questions of microscopic mechanism, including important details about DnaB's interactions with basepairs and the bound ssDNA strand.
Extrapolating from work on DnaB, we can make some basic predictions on future developments in motor protein work. First, for DnaB in particular, we expect single-molecule studies to mature and become more complex, focusing on, e.g., interactions with other replisome components, just as has occurred in for bulk studies. Second, the study of other motors will mature, and become advanced enough to permit single-molecule approaches. The eukaryotic analog to DnaB, the MCM complex, is a prime example of this, as basic identification of the composition of the eukaryotic replicative helicase is now occurring. Finally, on the instrumental front, a clear direction for future development is the marriage of highresolution single-molecule manipulation approaches with the local information derived from tracking fluorescent dyes attached to the motors; indeed, devices that accomplish this combination have begun to appear (126, 127) . For DnaB, for example, such a study could clarify exactly where the occluded strand is located, and how it helps activate the helicase.
